Many of the complement regulatory genes within the RCA cluster (1q32) have arisen through genomic duplication and the resulting high degree of sequence identity is likely to predispose to gene conversion events. The highest degree of identity is between the genes for factor H (CFH) and five factor H-related proteins -CFHL1, CFHL2, CFHL3, CFHL4, and CFHL5. CFH mutations are associated with atypical hemolytic uremic syndrome (aHUS). In the Newcastle cohort of 157 aHUS patients we have identified CFH mutations in 25 families or individuals.
Eleven of these 25 independent mutations are either c.3226C>G,Q1076E; c.3572C>T,S1191L; c.3590T>C,V1197A or combined c.3572C>T,S1191L/c.3590T>C,V1197A. Sequence analysis shows that all four of these changes could have arisen as a result of gene conversion between CFH and CFHL1. Analysis of parental samples in two patients with S1191L/V1197A has shown that the changes are de novo thus providing conclusive evidence that gene conversion is the mutational mechanism in these two cases. To confirm that S1191L and V1197A are disease predisposing we examined their functional significance in three ways -analysis of the C3b/C3d binding characteristics of recombinant mutant S1191L/V1197A protein, heparin affinity chromatography and haemolytic assays of serum samples from aHUS patients carrying these changes. The results showed that these changes resulted in impaired C3b DOI: 10.1002/humu.9408 binding and a defective capacity to control complement activation on cellular surfaces. We, therefore, provide conclusive evidence that gene conversion is responsible for functionally significant CFH mutations in aHUS. © 2006 Wiley-Liss, Inc.
INTRODUCTION
The RCA (Regulators of Complement Activation) gene cluster on human chromosome 1q32 spans a total of 21.45 cM and contains more than 60 genes of which 15 are complement related genes. These code for both soluble and transmembrane proteins which play a pivotal role in regulating complement activity. These complement genes are arranged in tandem within two groups. In a centromeric 360 kb segment lie the genes for factor H (CFH) (MIM# 134370) and five factor H-related proteins -CFHL1 (MIM# 134371), CFHL2 (MIM# 600889), CFHL3 (MIM# 605336), CFHL4 (MIM# 605337) and CFHL5 (MIM# 608593) (aliases FHR1-5) (Fig. 1) . Sequence analysis of this region shows evidence of several large genomic duplications resulting in a high degree of sequence identity between CFH and the genes for the five factor H-related proteins (Zipfel, et al., 1999) . The secreted protein products of these genes are similar in that they consist of repetitive units (~60 amino acids) named short consensus repeats (SCR) or complement control protein modules (CCP). Each SCR is generally encoded by a single exon. CFH consists of 20 SCRS and CFHL1 five. The highest degree of sequence identity is seen between SCRs 18-20 of CFH and SCRs 3-5 of CFHL1 (Appendix 1). CFH SCR 18 and CFHL1 SCR 3 consist of 59 amino acids. At the nucleotide level the exons encoding these two SCRs differ by 5 bases. 3 result in an amino acid difference. CFH has tyrosine, valine and glutamine residues at positions 1058, 1060 and 1076 respectively (encoded by triplets TAT, GTG and CAA) whilst CFHL1 has histidine, leucine, and glutamic acid residues at positions 157, 159 and 175 (encoded by triplets CAT, CTG and GAA). CFH SCR 19 and CFHL1 SCR 4 consist of 61 amino acids. The exons encoding these two SCRs differ at one nucleotide position which does not result in a coding change. CFH SCR20 and CFHL1 SCR 5 consist of 67 amino acids. The exons differ at two nucleotide positions, both of which affect the amino acid sequence of the encoded proteins; CFH has serine and valine residues at positions 1191 and 1197 (encoded by triplets TCG and GTT) while CFHL1 has leucine and alanine residues at positions 290 and 296 (encoded by triplets TTG and GCT).
CFH mutations are associated with atypical hemolytic uremic syndrome (aHUS; MIM# 235400) (Richards, et al., 2001 ), a disease characterised by the triad of thrombocytopenia, Coomb's test negative microangiopathic haemolytic anemia and acute renal failure (Moake, 2002) . Mutations reported include c.3572C>T, S1191L and c.3590T>C, V1197A either singly or in combination (Caprioli, et al., 2001; Perez-Caballero, et al., 2001; Richards, et al., 2001 ) raising the possibility that gene conversion of CFH SCR 20 by SCR 5 of CFHL1 is the mutational mechanism in a proportion of cases. c.3226C>G, Q1076E has also been reported Richards, et al., 2001 ) raising the possibility of gene conversion of CFH SCR 18 by SCR 3 of CFHL1. We report here 2 aHUS cases where S1191L and V1197A changes have occurred in combination as de novo events, thus providing unambiguous evidence that gene conversion is the mutational mechanism involved. In addition we report a series of aHUS patients in whom Q1076E, S1191L, and V1197A have been found either singly or in combination providing further support for our hypothesis. Finally, we provide evidence that these changes are functionally significant.
MATERIALS AND METHODS

Newcastle cohort of aHUS patients
This consists of 157 aHUS patients for whom clinical details and biological samples including DNA, serum and plasma are available. Within this cohort there are 26 families where more than one affected family member is included. The study was approved by the Northern and Yorkshire Multi-Centre Research Ethics Committee and all subjects gave informed consent. In this cohort, we have identified CFH mutations in 25 aHUS families or individuals. Of these 25 independent mutations, 3 (including the 2 aforementioned de-novo cases) are S1191L and V1197A together, 4 are S1191L (including two families of three sibs and two sibs respectively), 2 are V1197A and 2 are Q1076E. In total 14 patients (7 male, 7 female), some of whom have been reported previously (Donne, et al., 2002; Olie, et al., 2004; Olie, et al., 2005; Richards, et al., 2001) , had these changes. Their age at first presentation ranged from 11 months to 30 years and all developed end stage renal failure. These 4 changes represent 11/25 (44%) of CFH mutations in our cohort.
Patients with de novo combined S1191L and V1197A
Two patients, one male and one female presented with aHUS at the age of 11 months. Both developed end stage renal failure requiring dialysis. One has since received a cadaver renal transplant and one year post transplant remains free of either recurrent disease or rejection.
DNA Analysis
Genomic DNA was extracted from peripheral blood by standard methods and then amplified by PCR using exon specific primers and annealing temperatures as reported previously (Richards, et al., 2001) . PCR products were purified using magnetic microparticles (AMPure, Agencourt Biosciences) to remove unicorporated dNTPs, primers and salts. Sequencing reactions were carried out by dye terminator cycle sequencing using either exon specific primers or M13 primers, purified using magnetic microparticles (CleanSeq, Agencourt Biosciences) and then electrophoresed on a fluorescent 16 capillary sequencer (Beckman CEQ 8000). The resulting electropherograms were checked for homozygous and heterozygous base changes using an automated sequence analysis package (Mutation Surveyor TM 50 , http://www.softgenetics.com). The reference nucleotide sequence for CFH is taken from GenBank RefSeq-file NM_000186.1 and the nucleotide numbering uses the A of the ATG translation initiation start site as nucleotide +1. The factor H amino acid numbering includes the 18-residue signal peptide. The reference nucleotide sequence for CFHL1 is taken from GenBank RefSeq-file NM_002113.1 and the nucleotide numbering uses the A of the ATG translation initiation start site as nucleotide +1. The factor H related protein 1 amino acid numbering includes the 18-residue signal peptide.
To exclude the possibility that an uncharacterised mutation allowed annealing of the CFH SCR20 specific primers to the CFHL1 gene (causing amplification of CFHL1 SCR5 sequence), we also generated sequence using CFH specific primers which encompassed 3 upstream single nucleotide differences (in the terminal introns of CFH and CFHL1), and 4 downstream single nucleotide differences (in the 3'UTR of the two genes) in a single amplicon (Fig. 2) .
Functional assessment of S1191L and V1197A
To confirm that S1191L and V1197A are disease predisposing changes we examined their functional significance in three ways -analysis of the C3b/C3d binding characteristics of recombinant mutant S1191L/V1197A protein, heparin affinity chromatography and haemolytic assays of serum samples from aHUS patients carrying these changes. Recombinant fragments representing the C-terminal domain of CFH (CFH18-20) and a fragment that has mutations at positions S1191L and V1197A were expressed and assayed for C3b and C3d binding by surface plasmon resonance as described previously (Manuelian, et al., 2003) . C3b or C3d (CalBiochem) were coupled by standard amine-coupling procedure in equal amounts to a flow cell on a sensor chip (carboxylated dextran chip CM5, BIAcore AB). Identical concentrations (2 µg/ml) of ligand were used. Heparin affinity chromatography was undertaken on serum from S1191L, V1197A and S1191L/V1197A patients (one of each) (Manuelian, et al., 2003) . The individual fractions were separated by SDS-PAGE and assayed by Western blotting. Haemolytic assays were undertaken as described previously on serum from patients carrying S1191L/V1197A, S1191L and V1197A mutations. These assays use sheep erythrocytes and are performed in the presence of Mg-EGTA to prevent activation of the classical pathway of complement.
RESULTS
DNA analysis
DNA analysis of parental samples showed that in two of the three patients with combined S1191L/V1197A the changes were de novo. Parental sample integrity for both patients was confirmed by the PowerPlex ® 16 System (Promega). For each of the de-novo cases the only changes from the reference CFH sequence were in the 2 coding nucleotides in the exon encoding CFH SCR 20 (Fig. 2) confirming the specificity and localised nature of the mutational events. To confirm that the changes in these two patients occurred on the same allele subcloned PCR products were sequenced. Analysis of the C3b/C3d binding characteristics showed that wild type CFH 18-20 bound to immobilized C3b and C3d, as indicated by the prominent association and dissociation profile (Fig. 3) . In contrast the profile for mutant CFH [18] [19] [20] suggests that it binds with lower affinity to both C3b and C3d (Fig. 3) . Heparin Affinity Chromatography (reviewed but not shown) did not show a significant difference in heparin binding of the mutant proteins. Haemolytic assays showed that in all patient samples the capacity to control complement activation on cellular surfaces was defective (Fig. 4) . That this defect was present in heterozygous patients suggests that the wild type protein present was not able to compensate for the mutant protein. . Lysis of sheep erythrocytes by serum from three aHUS patients with heterozygous S1191L, V1197A, or S1191L/V1197A and one patient with hemizygous V1197A. The result from a patient with a different mutation W1183L is shown for comparison. Lysis is shown as a function of the volume of serum added and is represented as a percentage of the control of total lysis. In these assays, lysis of sheep erythrocytes reveals an anomalous regulation of the alternative pathway of complement activation in the tested serum.
DISCUSSION
In this study we have shown that gene conversion of CFH SCR20 by CFHL1 SCR5 is the only plausible mutational mechanism which can account for the observed de novo double mutations, with the flanking sequence variation defining the conversion tract length as being between 19 and 331 nucleotides in length. For these changes to have occurred through nucleotide substitution we would be forced to hypothesise two independent germline mutations occurring in the same gene in a single generation in two unrelated individuals at precisely the same positions. Our functional analyses show that the mutations at position 1191 and 1197 affect the binding characteristics of CFH protein to two cleavage products of the central complement component C3. CFH SCRs 18-20 are known to be important for binding to both C3b and anionic substances . The functional data presented here lead us to hypothesise that it is primarily C3b binding that is affected by S1191L and V1197A. Mutant CFH would, therefore, bind to host cell surfaces but its ability to bind C3b and thus regulate complement activation is impaired.
Therefore, we provide conclusive evidence that gene conversion is responsible for functionally significant de novo CFH mutations in two cases of aHUS. Similar mutations are seen in over a third of aHUS cases in the Newcastle series known to have a CFH mutation and it is probable that they too have arisen by gene conversion. Whilst circumstantial evidence for gene conversion in other diseases such as spinal muscular atrophy and hereditary pancreatitis is available (Chen, et al., 2000; Frugier, et al., 2002) reports of de-novo changes such as seen in congenital adrenal hyperplasia (Collier, et al., 1993) are extremely rare.
